Helix formation of an S-peptide analog, comprising the first 20 residues of Ribonuclease A and two additional N-terminal residues, was studied by measuring hydrogen bond (H-bond) J NCЈ correlations could be detected without TFE, ␣-helical (i,i +4) H-bond correlations were observed for the amides of residues A5 to M15 in the presence of TFE. The analysis of individual coupling constants indicates that ␣-helix formation starts at the center of the S-peptide around residue E11 and proceeds gradually from there to both peptide ends as the TFE concentration is increased. At 60% to 90% TFE, well-formed ␣-helical H-bonds were observed for the amides hydrogens of residues K9 to Q13, whereas H-bonds of residues T5 to A8, H14, and M15 are affected by fraying. No intramolecular backbone H-bonds are present at and beyond the putative helix stop signal D16. As the h3 J NCЈ constants represent ensemble averages and the dependence of h3 J NCЈ on H-bond lengths is very steep, the size of the individual h3 J NCЈ coupling constants can be used as a measure for the population of a closed H-bond. These individual populations are in agreement with results derived from the Lifson-Roig theory for coil-to-helix transitions. The present work shows that the closing of individual H-bonds during TFE-induced helix formation can be monitored by changes in the size of H-bond scalar couplings.
1988). Protection against hydrogen exchange is usually taken as an indication for the presence of H-bonds, although other factors like solvent accessibility are known to have a strong influence on the exchange rates (Wagner and Wuthrich 1982) .
Clearly, a more quantitative characterization of individual H-bonds during the transition from the unfolded to the folded state has the potential to reveal important details about the cooperativity and energetics of secondary and tertiary structure formation. Recently, NMR experiments that detect individual NH•••O‫ס‬C H-bonds in proteins through H-bond h3 J NCЈ scalar couplings have been described (Cordier and Grzesiek 1999; Cornilescu et al. 1999a) . The experiments identify both the donor and the acceptor group of an individual H-bonding pair. In addition, the size of the h3 J NCЈ scalar coupling constant provides quantitative information on the ensemble average of the H-bond length (Cordier and Grzesiek 1999; Cornilescu et al. 1999b ). We show here that, being successfully applied to the study of folded protein structures, the method is also applicable to marginally stable peptides and small proteins with a large percentage of unfolded structure.
To directly influence the folding of such molecules, structure-forming solvents such as 2,2,2-trifluoroethanol (TFE) and other halogenated alcohols are frequently used (Nelson and Kallenbach 1986, 1989; Buck 1998; Chiti et al. 1999) . TFE preferentially stabilizes ␣-helical structures (Timasheff 1970; Hamada et al. 1995; Buck 1998) . The mechanism of this stabilization remains unclear and both direct binding of TFE to the peptide and weakening of peptide H-bonds to water are being discussed (Luo and Baldwin 1997; Buck 1998) .
The S-peptide, corresponding to the first 20 N-terminal residues of Ribonuclease A (RNaseA) (Kim and Baldwin 1984) , provides an ideal model system for the study of peptide folding. The 124 amino acid RNaseA is cleaved by subtilisin between residues 20 and 21, generating the Speptide (1-20 aa) and the S-protein (21-124 aa). The two parts reassociate in stoichiometric amounts to form an Scomplex (K d < 10 −7 M) that has the full enzymatic activity of RNaseA and a structure nearly identical to that of the intact protein. Whereas at 25°C (pH 3.8, 0.1 M NaCl) the peptide is largely unfolded in aqueous solution, CD spectra indicate that the peptide adopts a stable ␣-helical structure in the presence of more than 60% (v/v) TFE (Nelson and Kallenbach 1986, 1989) . The changes in NMR chemical shifts of the peptide as a function of increasing TFE concentration indicate that this ␣-helix consists of residues T3 to H12, which also form an ␣-helix in native RNaseA (Nelson and Kallenbach 1989) .
In this paper we follow the transition of an S-peptide analog from the unfolded to the folded state by changing the TFE content of the solution from 0% to 90% (v/v). The H-bond HNCO experiment (Cordier and Grzesiek   Fig. 1 . Sections of the long-range HNCO spectra recorded on the S-peptide. Trans-H-bond correlations ( h3 J NCЈ ) are marked by the residue number of the HN group followed by the residue number of the acceptor carbonyl. Two-bond 2 J NCЈ intraresidue connectivities (Cordier and Grzesiek 1999) 1999; Cornilescu et al. 1999a ) is used to precisely define the limits and types of H-bonded structure in this peptide and to establish if this structure has alternative H-bonded conformations. The gradual formation of the peptide's ␣-helical structure is characterized quantitatively by the changes in the individual h3 J NCЈ coupling constants. The results can be interpreted in terms of the Lifson-Roig coil-to-helix transition theory. This approach shows the power of modern heteronuclear NMR methodology to follow the formation of secondary structure at the level of individual residues. Figure 1A shows small regions of the long-range HNCO spectra measured at different TFE concentrations. This region comprises ␣-helical J NCЈ constants larger than ∼0.1 Hz were detected for the peptide in water, the number and strength of observed correlations increases rapidly in the range of 10% to 30% TFE. Consistently, the observed h3 J NCЈ coupling constants for the central residues K9-R12 are larger than those for the terminal residues, indicating that the helix formation is initiated at the center of the peptide and extends from there to both peptide ends. (Spera and Bax 1991) . These secondary shifts adopt values of around 3 ppm for fully formed ␣-helical conformations (Spera and Bax 1991) . Figure 2C out TFE. Clearly, many of the residues have almost vanishing secondary shifts that are indicative of a random coil conformation. Exceptions are found at the N and C termini as well as for the AAAK motif in the center of the peptide. This central motif shows secondary shifts of about 0.8 ppm, indicating a slight preference for an ␣-helical structure. With increasing TFE concentration, residues G1 to M15 experience continuously increasing downfield 13 C ␣ shifts (Fig. 2B) . Similarly, these residues show a gradual decrease of 3 J HNHA scalar coupling constants for TFE concentrations from 10% to 45% (data not shown), which is consistent with a trend toward helical backbone angles. At 90% TFE, most of the residues between K3 and M15 have 13 C ␣ secondary shift values between 3 and 4 ppm, indicative of a fully formed ␣-helix. In contrast, residues beyond M15 show a much weaker increase in 13 C ␣ secondary shifts. The secondary shift of residues D16 to A21 increases by less than 1 ppm over the range from 10% and 60% TFE. This indicates a trend toward, but not the full formation of, a helical structure. Increasing the TFE content from 60% to 90% continues this trend for residues D16 to S18 and leads to an additional secondary shift of about 1 ppm.
Results

Observation of the formation of individual amide H-bonds
Overall, both the H-bond contacts in the HNCO experiment and the 13 C ␣ secondary shifts establish the gradual formation of the ␣-helical structure with increasing TFE concentration. In the range 10% to 60% TFE, the formation of all ␣-helical H-bonds, present in the crystal structure of RNaseA, can be observed unambiguously by h3 J NCЈ correlations. At 90% TFE, the H-bonds of the helix extend from residue G1 to M15. N-terminal fraying of this helix is indicated by the reduced H-bond coupling constants and secondary shifts. C-terminal fraying extends up to residue S18 as indicated by the 13 C ␣ secondary shifts at 90% TFE. However, no H-bond correlations are found beyond residue M15 in the HNCO experiment, such that the helical conformation is not yet stabilized by a significant presence of H-bonds for residues D16 to S18. This is consistent with the prediction of a helix stop signal at residue D16 derived from the analysis of 1 H NMR data (Kim and Baldwin 1984; Nelson and Kallenbach 1989) . Very likely, this reduced propensity for helix formation beyond residue M15 is caused by the presence of a contiguous array of hydrophilic, oxygen-containing sidechains in residues D16, S17, S18, T19, and S20. Beyond residue S18, neither H-bond correlations nor secondary shifts indicate any significant amount of ␣-helical conformation even at high concentrations of TFE.
Comparison to the Lifson-Roig theory of the coil-to-helix transition
Apparently, the state of the S-peptide for the different TFE concentrations is a mixture of different structural conformations. However, only single resonances are observed for all the nuclei of the S-peptide in this mixture. Therefore, the exchange between different conformations, for example, open and closed states of the H-bonds, must be fast on the timescale of chemical shifts, which is on the order of milliseconds for proton resonances. In contrast, absolute sizes of h3 J NCЈ couplings are less than 1 Hz, such that the transfer by these couplings is much slower than the interchange between the different conformations of the peptide. Therefore, h3 J NCЈ values derived from the long-range HNCO experiment correspond to a true-time (and ensemble) average. An exponential correlation between the h3 J NCЈ coupling constant and the N•••O distance was described for protein G by the Bax group (Cornilescu et al. 1999b) , in which h3 J NCЈ is given as −59*10 3 Hz*exp[−4*R NO /Å]. Because this dependence on the distance is very steep, it is safe to assume that, in a mixture of random coil and ␣-helical conformations, only fully formed H-bonds contribute significantly to the H-bond cross peak intensities of the HNCO experiment. (Table 1) are omitted. Bars indicate upper limits for the coupling constants that were unobservable at 0% TFE. (B) C ␣ secondary shifts for the S-peptide amides at different TFE concentrations relative to 0% TFE. (C) C ␣ secondary shifts at 0% TFE relative to their random coil values (Spera and Bax 1991 ).
An average value of 0.38 Hz was found for h3 J NCЈ constants in ␣-helical H-bonds of (fully folded) ubiquitin (Cordier and Grzesiek 1999) . Thus, to a first approximation, one could assume that the population p i of an individual closed Hbond in the S-peptide is given as | h3 J NCЈ |/ 0.38 Hz. Figure 3A shows these individual H-bond populations as a function of residue number. The form of this population profile is very close to the bell-shaped profile of the order parameter S 2 of NH bond vector orientations described in a recent NMR relaxation study of backbone HN vector dynamics for the S-peptide in the absence of TFE (Alexandrescu et al. 1998) . The motion of HN groups on the picoto nanosecond timescale was found to be the most restricted (S 2 > 0.5) in the center of the peptide between residues 5 and 16, whereas it was least restricted at the peptide ends. These results were interpreted in terms of a model in which compact conformations become increasingly favored moving from the termini to the center of a polypeptide chain. Such a model was rationalized in terms of the relatively low entropic cost of forming contacts in the middle of the chain as compared to contacts between the ends, or between the ends and middle of the chain (Alexandrescu et al. 1998) .
A very similar description of the random coil to ␣-helix transition is contained in the Zimm-Bragg (1959) and Lifson-Roig (1961) matrix theories, which allow the calculation of individual H-bond populations. Although these theories differ to some extent in their assumptions, the underlying mathematics and their results are rather similar (Qian and Schellman 1992) . The more convenient formulation for calculating individual H-bond populations is given by the Lifson-Roig theory (Lifson and Roig 1961; Qian and Schellman 1992 ). This theory assumes three different possible states for a certain residue i: (1) a coil conformation of the backbone with statistical weight u i '; (2) an ␣-helical conformation without formation of an H-bond with statistical weight v i '; and (3) an H-bonded ␣-helical conformation with statistical weight w i '. The partition function for the statistical ensemble of peptide conformations is given as:
in which the product extends over all N residues of the peptide chain and M i represents a 3 x 3 Lifson-Roig matrix containing the weights v i ‫ס‬ v i '/u i 'and w i ‫ס‬ w i '/u i ', which have been normalized relative to the weight of the coil state. Populations of individual closed H-bonds, p i , are derived from the partition function by the derivative (Qian and Schellman 1992) :
The results of this theory were compared to the experimentally determined populations by a nonlinear least squares fit. For this procedure, uniform weights v and w were assumed for all residues of the peptide chain. Commonly used values for v range between 0.04 and 0.1 (Qian and Schellman 1992; Rohl et al. 1996) , with the results of the theory not being strongly dependent on the precise number (Qian and Schellman 1992) . For the fit, v was assumed to be independent of the TFE concentration and arbitrarily fixed to value of 0.05. In contrast, a uniform weight w for the H-bond formation in all residues was optimized for the different TFE concentrations. A peptide chain length N of 14 gave best overall results. Figure 3A shows these fits to the experimental H-bond populations, corresponding to uniform weights w of 1.37, 1.45, 1.54, 1.63, 1.67, and 1.77 for TFE concentrations of 10%, 20%, 30%, 45%, 60%, and 90%, respectively. Apparently, the overall trends in the data agree to a reasonable extent with the predictions of this theory, that is, the strongest H-bonds occur in the center of the helix whereas fraying is observed toward the helical ends.
Clearly visible in Figure 3A are also deviations between experimental populations and the theoretical predictions that correspond to a root mean square difference of 0.08. However, such deviations are smaller than the errors in experimentally derived H-bond populations, which range from 0.13 to 0.18 as derived from the noise in the coupling measurement (Table 1) . Therefore, at present, the size of the experimental error precludes the use of more detailed models with a larger number of adjustable parameters, such as nonuniform Lifson-Roig statistical weights v and w for individual amino acids or the use of a nonuniform h3 J NCЈ value for a fully closed ␣-helical H-bond.
A particularly strong deviation between the observed and modeled H-bond population is found for the amide hydrogen of the central residue E11 with consistently larger than expected experimental H-bond populations. One reason for this observation could be an overestimation of the experimental H-bond population because of a h3 J NCЈ constant for the fully closed E11
HN -A7
CЈ H-bond that is stronger (more negative) than the ␣-helical average of −0.38 Hz. Another possible explanation is a stabilization of this H-bond by residue specific interactions (Rico et al. 1983 (Rico et al. , 1984 . In this case, the E11
CЈ H-bond would additionally increase the tendency for the helix nucleation in the center of the peptide. In contrast, the population of the H14
HN -F10
CЈ Hbond depends only very weakly, and much less than expected, on the TFE concentration (Fig. 3A) . Under solution conditions for the S-peptide (Rico et al. 1983 ) and also in the full structure of RNaseA (e.g., PDB codes 2AAS [Santoro et al. 1993] and 7RSA [Wlodawer et al. 1988] ), the side chains of residues H14 and F10 show aromatic stacking interactions. Conceivably, the presence of these interactions could lead to a preferred relative orientation of H14 and F10 thereby reducing the influence of TFE on the stabilization of the H14
CЈ H-bond.
Discussion
Standard coil-helix transition theories such as Zimm-Bragg and Lifson-Roig predict that the formation of helical segments is strongly cooperative. Once helix nucleation is achieved, the propagation of a helix is facile and progresses from the nucleation center toward the peptide ends. The present NMR data provide residue-level information about this process and corroborate these theoretical predictions.
From the h3 J NCЈ data (Figs. 2, 3) , it is clear that the nucleation of the H-bonded helix occurs in the central part of the peptide around residue E11. With increasing TFE concentration, H-bond formation progresses from there toward the N-terminal end and toward the helix stop signal at residue D16. However, even at the highest TFE concentration, the H-bonds are not fully formed at both ends of the ␣-helix.
The cooperative nature of the coil-to-helix transition is particularly evident from the small changes in the H-bond weight w needed for an individual amino acid to bring the peptide from the coil to the helix state: For the 14 amino acid segment, the transition from almost random coil at 10% TFE to the almost completely formed helix at 90% TFE is caused by a change in the H-bond weight w of only 29%, that is, from 1.37 to 1.77. In the Lifson-Roig theory, the cooperativity of the transition results from the interaction of all the amino acids in the helical state. This interaction is implicitly incorporated into the summation of the partition function. Longer helical segments have a higher number of interacting amino acids and therefore show a sharper transition as a function of the H-bond weight (Qian and Schellman 1992) .
The results of the preceding analysis are in good agreement with a study by Luo and Baldwin (1997) , who were able to fit the Lifson-Roig theory to circular dichroism data of the TFE-induced coil-to-helix transition for a number of small model peptides over a wide range of experimental parameters. In particular, it was found that within a range of 0 to 4 M (∼25%) TFE, the average of the H-bond weight 〈 w〉 obeys a relation of the type:
in which C is the TFE concentration, m and 〈 w o 〉 are constants, and R and T have their usual meaning. At higher TFE concentrations, 〈 w〉 quickly reaches a saturation level in a number of homogeneous model peptides (Luo and Baldwin 1997) . Figure 3B shows this dependence on TFE concentration for the values RT ln w derived from the fit of the S-peptide J-coupling data in Figure 3A . Within the experimental error, the dependence is close to linear between 10% and 30% TFE and begins to saturate at higher concentrations. The slope within this linear regime is similar to the data reported by Luo and Baldwin (1997) , such that the increase from 10% to 30% TFE corresponds to a free-energy stabilization per single H-bond of approximately 0.07 kcal/mole. Beyond this linear regime, the transition to the saturation is not as sharp as previously reported (Luo and Baldwin 1997) , and an additional stabilization of 0.08 kcal/ mole is still observed between 45% and 90% TFE (Fig. 3B) . This different saturation behavior cannot be ascribed to the inaccuracies of the fit in Figure 3A , because the experimentally observed increase in the S-peptide H-bond populations is statistically significant between 45% and 90% TFE. Similar significant changes are reported for circular dichroism data of the S-peptide at these TFE concentrations (Nelson and Kallenbach 1986) . Therefore, these observations reflect genuine differences between the S-peptide and the peptides investigated by Luo and Baldwin. In the latter case, very homogeneous amino acid compositions were used, and the helix formation occurred over the full peptide lengths. In our case, the amino acid sequence is heterogeneous and contains the helical stop signal at D16. Such heterogeneities are expected to "smear out" the transition between the coil and the helix state. Overall, the increase from 10% to 90% TFE stabilizes a single H-bond by 0.15 kcal/mole (Fig. 3B) . For the assumed chain of 14 residues containing 12 Hbonds, this corresponds to a total stabilization of the ␣-helical structure by 1.8 kcal/mole or 3.1*RT. The modest size of this stabilization clearly illustrates the delicate balance between folded and unfolded states of polypeptide chains.
It is relevant to note that all the observed h3 J NCЈ correlations correspond to genuine (i,i +4) ␣-helical H-bonds and not to other types of H-bond connections. The detection limit for the h3 J NCЈ correlations in the present experiments is approximately 0.1 Hz. This implies that populations of less than about 20% to 30% for H-bonds in typical secondary structure elements with a relatively straight NH•••O‫ס‬C geometry, and standard donor-acceptor distances would not lead to detectable correlations. On the other hand, it can be concluded that the populations of other types of regular H-bonds, for example, of H-bonds corresponding to 3 10 -helices, cannot be considerably larger than 30% in the Speptide at all TFE concentrations. Such 3 10 -helical H-bonds have been proposed for short alanine peptides based on CD, ESR, and 1 H NMR experiments (Miick et al. 1992; Millhauser et al. 1997) . Similarly, a set of turnlike structures was proposed by Dyson et al. (1988) as an early structure for small peptides, and MD simulations (Tobias and Brooks 1991; Smith et al. 1998 ) indicate reverse turns as important intermediates along the helix folding/unfolding pathway. Our experiments cannot exclude such types of structure as long as their populations for regular, straight H-bonds are smaller than about 30%. However, this statement does not preclude the existence of larger populations of H-bonds with a non-linear NH•••O‫ס‬C geometry, such as bifurcated H-bonds, because recent evidence indicates that the H-bond scalar couplings are strongly reduced when the H•••O‫ס‬C angle deviates substantially from 180° (Dingley et al. 2000) .
In summary, we have shown that the long-range HNCO experiment cannot only be used for the detection of Hbonds in folded proteins, but also in flexible peptides with a large proportion of unfolded structure. The value of h3 J NCЈ constants provides a measure for the population of a closed H-bond that can be quantitatively compared to the predictions of coil-to-helix transition theories. Future applications will include a more thorough testing of this experimental and theoretical approach for a variety of different solvent conditions and designed polypeptide sequences.
Materials and methods
Materials
Expression and purification of S-peptide was performed as described previously (Alexandrescu et al. 1998) . Compared with the original S-peptide of RNaseA, this peptide contains two additional residues at its N terminus such that the entire sequence is given as GSKETAAAKF ERQHMDSSTS AA. Residue numbering in the present paper starts with the N-terminal glycine and is thus shifted by two residues relative to the RNaseA numbering scheme (e.g., residue H14 in the recombinant peptide corresponds to residue H12 in the wild-type sequence). 2,2,2-trifluoroethanol-d2-OH (TFE) was purchased from Euriso-top. NMR samples were prepared in Shigemi microtubes with volumes of 300 L containing 3.4 mM uniformly 13 C/ 15 N-enriched S-peptide (∼2 mg) in 0% to 90% vol TFE/water, 50 mM NaCl, 95% H 2 0/5% D 2 O. For every concentration of TFE, the pH was adjusted individually to a value of 3.7 (uncorrected meter reading). No additional buffer was used.
NMR methods
The NMR experiments were performed at 25°C on a 600 Bruker DMX spectrometer, equipped with a triple resonance, z-axis pulsed field gradient probehead. Measurement of individual h3 J NCЈ couplings was performed by using the quantitative J-correlation, long-range HNCO experiment as described previously (Cordier and Grzesiek 1999) . Both reference and through-H-bond cross correlation spectra were recorded as 50 * (t 1 , 13 CЈ) × 1024 * (t 2 , 1 H N ) data matrices (in which n * refers to complex points) with acquisition times of 36 msec (t 1 ) and 86 msec (t 2 ). Total experimental times were 58 hr and 0.5 hr for each cross and reference experiment, respectively. The 15 N-13 CЈ de/rephasing delay (T) was set to a value of 129 msec for optimal suppression of sequential 1 J NCЈ -interactions. Data were processed using the NMRPipe processing package (Delaglio et al. 1995) , and peak intensities and positions were determined with the program PIPP (Garrett et al. 1991) . The absolute value of h3 J NCЈ was obtained from the ratio of the intensities in the cross and reference spectra using the relation J NCЈ ‫ס‬ (I cross /I ref )
1/2 /(T) (Cordier and Grzesiek 1999) . In cases in which cross peak amplitudes were too small to be detected, upper limits for the values of the coupling constants were derived from the intensity in the reference spectra as described previously (Dingley et al. 1999) . N backbone assignments were made using 2D and 3D versions of HNCO, HNCA, and HN(CA)CO experiments.
1 H chemical shifts were referenced relative to external TSP. For this purpose a thin, closed glass capillary containing TSP was placed into the center of the NMR tube containing the S-peptide sample. 
